where g represents some function. Such a relationship can often be found. However, the OC is difficult to specify a priori and both the OC and ASN must be determined via simulation once a sample protocol has been constructed (Nyrop and Simmons 1984) . Double sampling is an alternative to sequential hypothesis tests with somewhat different properties that is not encumbered by some of the previously mentioned difficulties. It has been used extensively in quality control (Cowden 1957) . In this paper we review the basis for constructing double The second property is the average number of samples (ASN) required to terminate the sampling process given any true population parameter. Obviously, it is desirable to keep the ASN as low as possible subject to constraints of the oc.
The final property is the availability of methods for easily determining the OC and ASN. Without such methods it is impossible to judge the relative worth of sample plans in a decision-making context.
In insect sampling, most sample plans based on hypothesis testing are sequential. Wald's sequential probability ratio test (SPRT) (Wald 1947 ) and a test proposed by Iwao (1975) are used most often. In general, sequential hypothesis tests have lower ASN's, and OC's are comparable to fixed sample size procedures based on estimation. However, the SPRT and Iwao's procedure have limitations.
Use of the SPRT assumes that sample data can be described by a probability model with one unknown parameter. This assumption cannot often be met and its violation can lead to unpredictable changes in the OC and ASN.
Iwao's procedure is founded on a mean variance relationship A BASIC TENET of pest management is that pesticides should be used to control pests only when needed. Decisions with respect to the need for control are often based on sample data from which an estimate of a population parameter is calculated and an inference about a population parameter is made. The set of all possible inferences map into a set of pest-control decisions. In this way, a decision is reached for any inference drawn.
As with all decision making under uncertainty, incorrect pest-control decisions can be made. One source of error arises from incorrect estimation and the consequent drawing of an incorrect inference. With no restriction on sample size, this source of error can be eliminated if estimators are unbiased. However, a tradeoff must usually be made between the cost of making an incorrect decision based on the sample data and the cost of data collection.
When used in a decision-making context, all sample plans can be evaluated via three properties. The first property is the operating characteristic (OC). Formally, this is defined in the context of hypothesis testing as the probability of accepting a null hypothesis given any simple hypothesis
where J. L is the population mean and q is a specific value of the mean). However, when used in decision making this is also a property of sample plans that yield parameter estimates (e.g., fixed sample size procedures) since these estimates are used to make decisions and one decision can be considered the null hypothesis. Ideally, sample plans minimize the probability of making incorrect decisions. 
Two difficulties arise when developing a double sample protocol. First, choosing A, R, n l , and n 2 to produce a particular OC and ASN is not straightforward. Second, f ( ) is often unknown.
The second difficulty may be overcome by making n l large enough to assume that the Central Limit Theorem applies to mi' Then f is a normal distribution with mean I-' and variance (12/ n l • The variance is also usually unknown. However, it can sample plans and illustrate their use for sampling Colorado potato beetles (CPB), Leptinotarsa decemlineata (Say) . We compare this double sample plan via the OC and ASN to plans based on a modification of Iwao's sequential hypothesis testing procedure and a fixed sample size estimation plan.
Materials and Methods
Basis for Double Sample Plans. Two hypotheses concerning the population parameter of interest are constructed. In most cases, this parameter is a mean density (I-') and the hypotheses are; has been obtained from n l observations. If A < ffl 1 < R, another sample of n 2 observations is taken
The OC is defined as P {accept Hoi H, true}. For a double sample plan sampling a continuous variate it is
where f( ) is a probability density function.
computational form of equation 3 is Vol. 14, no. 5 often be approximated in terms of the mean as in equation 1. Double Sample Plans for CPR. Double sample plans for three stages of the CPB were developed for use in a pilot integrated pest management (IPM) program on Long Island, N.Y. This was done in two stages. First, data were collected with which to deduce a variance-mean relationship as in equation 1 and to formulate hypotheses about mean densities for use as action thresholds. Second, the OC and ASN for double sample plans were computed and compared to those for other sample plans.
Samples of CPB were taken at least weekly from June through August from 12 potato fields in 1982 and 16 fields in 1983. In both years, a single potato vine was the observation unit. In 1982, 80 vines per field were sampled on each visit. Vines were selected in a nested fashion; four vines were selected randomly at each of 20 randomly selected sites in a field. In 1983, 50 vines (5 vines per site, 10 sites per field) were sampled. All aboveground CPB life stages were counted and categorized into the following classes: adults, egg masses, small (first and second instars), or large (third and fourth instars) larvae.
Average intracluster correlation coefficien ( Jessen 1978) were computed from 20 sets of 1983\ data for each of the life stages. These average coefficients were all slightly greater than zero (adults: 0.135; egg masses: 0.056; small larvae: 0.041; large larvae: 0.160). The correlation coefficient is a measure of the efficiency of a sample unit when efficiency is measured in terms of the sample variance. If the coefficient is ::::;:0, cluster (groups of vines per site) sampling is more efficient. Otherwise, random sampling of the individual observation units is better. For CPB, random sampling of individual vines is slightly more efficient in terms of the variance. However, in terms of time spent sampling, we have found cluster sampling more efficient. The mean time needed to sample a single vine is 26 s (SD = 6.1 s, n = 100) and the average time needed to travel between sample sites is 37 s (SD = 13.0 s, n = 97). To minimize sampling time, all observations should be taken in one sample location. Cluster sampling is a compromise between minimizing the variance of the population estimate and the time required to sample the population.
Results
Estimates of means and variances for each CPB class were fitted by linear regression to equation 1 by Taylor's power law (Taylor 1961 ) and Iwao's mean-density/ mean-crowding relationship (Iwao 1968) . Parameters for these relationships were estimated for each of the 2 years and for both years combined (Tables 1 and 2 ). The parameters estimated for Taylor's relationship are similar to those reported by Harcourt (1963) and Logan (1981) .
Taylor's power law provided a better description of the relationship between the mean and variance than did Iwao's method. With Taylor's power law, the parameter estimates for each year were generally consistent with each other. Hence, parameter estimates used to develop the sample Small larvae are first and second instars and large larvae are third and fourth instars. The action threshold is the density of beetles for which control should be initiated. The column titled population mean is the mean (It) for which one of two conditions is met. Either this is the mean for which the probability of classifying the population incorrectly (probability of error) is ca. 0.05 when 25 samples are taken, or the sample estimate of m for which a different decision with respect to the action threshold cannot be arrived at given another 25 samples. Probabilities of error were computed using a normal probability model. The action threshold is the parameter D and the population means are the parameters A and R of a double sample plan. tions. In equation 4, each was approximated with a polynomial (equations 26.2.18 and 26.2.20 in Abramowitz and Stegun [1972] ).
Discussion
The three double sample plans developed were compared to sequential plans developed with a modified version of Iwao's (1975) procedure and with a fixed sample size of 50 observations. Iwao's procedure was modified two ways. First, 25 samples were drawn from the population before comparing the sample observations to the sequential stop boundaries. This was done to ensure that the count of total CPB (T) Table 5 . Incidence of CPO above action thresholds in commercial potato fields, Long Island, N.Y.
The action thresholds per vine are adults, 0.5; small larvae, 4.0; and large larvae, 1.5.
plans were based on the pooled 1982 and 1983 data.
On Long Island, CPB control decisions are based on counts of adults, small larvae, and large larvae. Action thresholds for these life stages were developed based on correlations of damage and CPB densities. Although these thresholds are undoubtedly conservative, they are useful as a first approximation until better thresholds are available. The thresholds for the different life stages are as follows: adult, 0.5 per vine; small larvae, 4.0 per vine; and large larvae, 1.5 per vine. Based on these thresholds, the null and alternate hypotheses concerning the mean density for each lifestage were formulated by substituting the action threshold for D in equation 2. Acceptance of the null hypothesis leads to a no-control decision. Double sample plans were developed for each life stage in the following manner. Correlations between means and the normal scores of these means were generated to test the assumption of normally distributed sample means based on sample sizes of 15, 20, and 25 observations (Table 3) . This was done by generating 200 random means for each sample size from the raw CPB count data and then determining the normal scores of these means. Based on these correlations, n l was set to 25 for each life stage. Based on the OC for a fixed sample size procedure, the cost of making an incorrect decision, and the cost of collecting sample data, it was decided that a maximum of 50 samples would be taken. Hence, n 2 was set to 25. The probability of making an incorrect decision based on
was computed using a normal model for a set of population means (/.L) for each life stage. The parameters A and R were then selected as either the densities (/.L) for which these probabilities were ca. 0.05, or as the sample estimate of /.LI for which it was impossible to reach a different decision given another n 2 samples. Note that in the first case we are determining the /.L for which these conditions are met and then substituting these values for A and R. The n l sample estimates are then compared with these values. This information is summarized in Table 4 for each life stage. T~OC and ASN for the double sample plans were e:qmputed using equations 4 and 6. The functions f() and F( ) in these equations are normal density and normal cumulative probability func-648 ENVIRONMENTAL ENTOMOLOGY Vol. 14, no. 5
Individual counts of CPB were generated from a negative binomial distribution with k specified as The OC for the fixed sample size procedure was calculated for any J.Li as
The OC and ASN for each sample plan are shown in Fig. 1 and 2 . The OC's for each plan are similar. When mean densities exceed the action threshold, the sequential and fixed sample size procedures are slightly better than the double sample plan. This is most noticeable for the smalllarvae. When the mean densities are less than the action threshold, the double sample plan performs slightly better than the sequential procedure. In terms of the ASN, the double sample plan requires fewer samples, on the average, than the sequential procedure with lower densities and the converse is true at higher densities. Therefore, if densities less than the action threshold are encountered most often, the double sample plan will be more parsimonious with respect to sample size. The reverse will be true if densities greater than the action threshold are encountered most frequently.
Data from 1982 and 1983 indicate that CPB densities are below the action threshold more often than they are above it ( Table 5 ). Provided that this relationship does not change dramatically in future years, the double sample plan will be a more powerful and parsimonious sampling procedure to use. In 1984, the sample plan was used in a pilot IPM program on Long Island. In 65% of the fields scouted (n = 368) a decision was reached after 25 vines were sampled. This indicates that the proportions listed in Table 5 did not greatly change in 1984.
Double sample plans provide an alternative to sequential and fixed sample size plans when sampling for decision making. For CPB, double sample plans perform as well in terms of the OC as a fixed sample size procedure and a modified version of Iwao's (1975) sequential procedure. The double sample plans were always better in terms of the ASN than the fixed sample size procedure and, depending on the mean density of the CPB population, slightly better or slightly worse than the sequential procedure. Providing that the Central Limit Theorem holds for the means computed after the first sample of n 1 observations and that a good prediction of the variance can be made based on the mean, the OC and ASN of double sample plans are easily computed. Unfortunately, specifying the parameters of a double sample protocol to achieve a desired OC is not easily done. The method we employed to develop double sample plans for the CPB is general and provides a first step in designing double sample plans with a desired OC. Further changes in the OC and ASN must be made via trial and error changes in the D] )\I, H o was rejected. Otherwise, another sample was taken until 50 samples had been taken. If this last criterion was met, a mean based on 50 samples was computed and compared with D. If the mean was~D, H o was accepted. Otherwise, it was rejected. The limit of 50 samples and decision making based on a sample mean constituted the second modification.
For the fixed sample size plan, a mean based on 50 samples was compared with D. If this mean was~D, H o was accepted. Otherwise, it was rejected.
The OC and ASN curves for the sequential procedure were generated by simulating 2,000 samples for a set of means from each life stage class.
k =J.L2/(q2 -J.L2). (7)
October 1985 NYROP AND WRIGHT: DOUGLAS SAMPLE PLANS 649 parameters of the plan. Unfortunately, no easy to follow formula is available for relating a particular change in the OC or ASN to changes in anyone or combination of these parameters. The same is, of course, true with Iwao's (1975) sequential procedure. The DC and ASN for double sample plans are easier and less time-consuming (on a computer) to calculate than those for Iwao's procedure.
